Plant senescence is a highly regulated process that can be induced by a range of factors. The nonexpressor of pathogenesis-related genes 1 (npr1) mutant is defective in the salicylic acid (SA) signalling pathway, displaying delayed yellowing during developmental senescence. However, the regulating mechanism of NPR1 on exogenous SA-induced senescence in detached Arabidopsis leaves has not yet been clarified. It was shown here that mitogen-activated protein kinase 6 (MPK6) is involved in promoting exogenous SA-induced detached leaf senescence. During the process of SA-induced senescence, the expression of NPR1 and senescence-related transcription factor WRKY6 was suppressed in mpk6 mutant plants. Further analyses showed that the NPR1 mRNA level is reduced in wrky6 mutants and enhanced in WRKY6 overexpressing lines. Meanwhile, chromatin immunoprecipitation experiments revealed that WRKY6 binds directly to the NPR1 promoter containing W-box motifs. Moreover, inhibition of MPK6 function diminished SA-induced monomerization and nuclear localization of NPR1. In addition, the expression of Trx h5, which catalyses the SA-induced NPR1 activation, was suppressed in the mpk6 mutant, suggesting that MPK6 promotes NPR1 activation, possibly by regulating the expression of Trx h5. Collectively, MPK6-mediated WRKY6 and Trx h5 transcriptional activation co-regulated the expression of the NPR1 gene and the monomerization of NPR1 protein, allowing it to enter the nucleus, thereby promoting SA-induced leaf senescence. These results provide new insight into the mechanism of exogenous SA-induced detached leaf senescence.
Introduction
Senescence is an intricate process in which a series of regulated metabolic events takes place (Abreu and Munné-Bosch, 2008) . In plants, senescence can be induced by a wide variety of factors including mineral deficiency, drought, hormones, and infection by pathogens. Several genes have been identified as being senescence-associated (SEN, SAG) , and some of these have been isolated and characterized as molecular markers of senescence (Lim et al., 2003) . In contrast to the delaying effect of cytokinins, salicylic acid (SA), methyl jasmonate, ethylene, and brassinosteroid have all been implicated in the onset of senescence (Schippers, 2008) . Measurements of endogenous SA during the progression of leaf senescence, the external applications of SA, and the use of transgenic lines deficient in SA have shown that SA participates, either directly or indirectly, in regulating senescence-associated gene expression (Abreu and Munné-Bosch, 2008) . In addition to playing a role in the senescence process, SA has a central role in plant defence against pathogen attack, and also participates in diverse processes such as thermotolerance acquisition, germination, flowering, and drought stress (Krinke et al., 2007) . Arabidopsis plants defective in the SA signalling pathway, such as NahG transgenic plants and pad4 and npr1 mutants, show an altered expression pattern of senescence-enhanced genes, delayed yellowing, and reduced necrosis during developmental senescence (Morris et al., 2000) . Moreover, NPR1 plays a role in mediating SA-induced cell death, and this process is regulated by the reductants glutathione and dithiothreitol (DTT) (Ogawa, 2005) .
The mitogen-activated protein kinase (MAPK) cascade is involved in a variety of abiotic and biotic stress responses by sequential phosphorylation (Bartels et al., 2009; Zhou et al., 2009) . Recently, the MKK9-MPK6 cascade has been shown to regulate leaf senescence in Arabidopsis (Zhou et al., 2009) . It has been shown that Arabidopsis transgenic NahG plants can reduce the protein levels of MPK3, MPK4, and MPK6, which leads to the conclusion that these MAPK proteins are modulated by SA level. Moreover, MPK3 and MPK6 have been shown to lead to SA biosynthesis and the expression of PR1 and PR5 (Bartels et al., 2009) . MAPKs have been implicated in upregulation of the thioredoxin (Trx), glutathione S-transferase, and late-embryogenesisabundant/dehydrin-type genes (Habora et al., 2012) . Plant Trxs are involved in regulation of the cellular redox state. Changes in the cellular redox state promote NPR1 oligomer disassociation, in turn leading to monomerization of NPR1. Subsequently, the monomeric NPR1 migrates from the cytoplasm to the nucleus to regulate downstream gene expression by interaction with transcription activators such as TGA1 (Cheng et al., 2009) . Extensive research has shown that the nuclear targets of three MAPKs (MPK3, MPK6, and MPK4) include many pivotal transcriptional regulators such as the WRKY transcription factors, EIN3, and ERF104 (van den Burg and Takken, 2010) . There are 74 WRKY transcription factors in Arabidopsis, which act as the second largest family in the senescence transcriptome (Mao et al., 2007) . WRKY proteins contain the most conserved amino acid sequence, WRKYGQW, in their N terminus, and zinc-finger motifs in their C terminus, and they can bind to a consensus motif of TTGAC(C/T), called the W-box, which exists in the promoters of certain defence-and senescence-related genes Somssich, 2001, 2002; Zhou et al., 2011) . WRKY transcription factors have been shown to be downstream components of MAPK signalling cascades, and nearly all of the WRKY factors studied can recognize W-box motifs present in the promoters of stressresponsive genes (Yu et al., 2001; Ciolkowski et al., 2008) . Moreover, expression of members of the WRKY family such as WRKY22/29, WRKY6, WRKY53, and WRKY18 is upregulated during leaf senescence (Gepstein, 2004) . WRKY6 is identified as a senescence-and defence-associated transcription factor and, more importantly, it can act both as a positive and a negative regulator to stimulate or repress the transcriptional level of target genes (Robatzek and Somssich, 2002) . In this study, the possible molecular mechanism underlying the regulatory effect of exogenous SA on NPR1 during leaf senescence is presented. It was observed that SA-induced activation of MPK6 contributed to higher expression of WRKY6, which in turn enhanced WRKY6 binding to the W-boxes in the NPR1 gene promoter to increase the mRNA level of NPR1. Further analyses demonstrated that the nuclear accumulation of NPR1 was reduced in mpk6 mutant plants. By investigating the MPK6-associated signalling pathways, we found that MPK6 plays a role in modulating the activity of thioredoxin h (Trx h), which was shown to catalyse SA-induced NPR1 conformational changes and was required in vivo for SA-induced NPR1 monomer release. In general, our research provides evidence that the MPK6-modulated signalling pathway is responsible for the gene expression and activation of NPR1 in the process of SA-induced leaf senescence.
Materials and methods

Plant materials, growth conditions, and chemical treatments
, npr1, wrky6-1, and wrky6-2 mutants and the cauliflower mosaic virus (CaMV) 35S::WRKY6-9 overexpressing line, as well as transgenic 35S::NPR1-GFP in the npr1 mutant (Sun et al., 2012) , were used. Arabidopsis mutants and overexpressing lines used in this work were identified using semi-quantitative reverse transcription (RT)-PCR ( Supplementary Fig. S1 at JXB online). Following 2 d cold stratification, seeds were grown in an environmentally controlled growth room at 22 °C with a 16 h light photoperiod (120 μmol quanta m -2 s -1 ) and 82% relative humidity. The effects of SA on leaf senescence were examined on leaf numbers 4 and 5, detached from plants 3 weeks after sowing.
For hormone treatment, 3-week-old detached leaves were floated in 3 mM 2-(N-morpholino) ethanesulfonic acid (MES) buffer (pH 5.8) with or without 100 µM SA (Sharabi-Schwager et al., 2010; Zhang et al., 2012) . Leaf samples were incubated under continuous light and harvested at different times after treatment. Before the experiment, leaves were washed three times with distilled water.
The common inhibitor of MAPK cascade, PD98059, was purchased from Sigma-Aldrich (Shanghai, China). Before SA treatment, the detached leaves were pre-incubated with PD98059 (dissolved in DMSO) for 60 min, and the final concentration of PD98059 was 150 µM (Li et al., 2012) .
Measurement of chlorophyll content and photochemical efficiency
Chlorophyll was extracted by boiling the leaves in 95% ethanol at 80 °C. The chlorophyll concentration per unit fresh weight of leaf was calculated as described by Lichtenthaler (Lichtenthaler, 1987) . The content was determined spectrophotometrically using the formula Chl (a+b)=5.24 A 664.2 +22.24 A 648.6 and chlorophyll content (%)=Chl (a+b)×V×10 -3 /m, where Chl (a+b) is the chlorophyll concentration in μg ml -1 , A is absorption at the indicated wavelength, V is the volume of the 95% ethanol, and m is the mass of the leaves.
The ratio of maximum variable fluorescence to maximum yield of fluorescence (Fv/Fm) that can be affected by the integrity of photosystem II (PSII) and used as an indicator for leaf senescence (Oh et al., 1996) was measured using a PAM fluorometer (Walz GmbH, Effeltrich, Germany) (Ralph et al., 2005) .
Total RNA extraction, RT-PCR and quantitative RT-PCR (qRT-PCR)
Total RNA was extracted using TRIZOL reagent (Sigma-Aldrich, Shanghai, China), following the manufacturer's protocol. The concentration and purity of RNA were determined by measuring A 260 . Total RNAs were reverse transcribed into cDNA using a Moloney murine leukemia virus kit (Takara, Dalian, China), and the cDNAs were used as templates in PCRs.
RT-PCR was performed with RT-PCR High-plus-(Toyobo, Osaka, Japan) using gene-specific primers designed to target Actin2, MPK3, MPK4, WRKY6, and NPR1. The gene-specific primers for RT-PCR analysis were used as described previously (Robatzek and Somssich, 2002; Laloi et al., 2004; Li et al., 2012) .
For qRT-PCR assay, SYBR Green real-time RT-PCR amplifications were carried out using SYBR Green real-time PCR Master mix (Toyobo, Osaka, Japan). The Actin2 gene was amplified as an endogenous control. Gene-specific primers for qRT-PCR analyses were used as described previously (Chen et al., 2009; Ishikawa et al., 2010; Zhou et al., 2011; Love et al., 2012; Jaradat et al., 2013; Jiang et al., 2014) .
Chromatin immunoprecipitation (ChIP)
In each experiment, 1.5 g of leaves was treated and analysed as described previously for ChIP (Nelson et al., 2006 ). An aliquot of 1% formaldehyde was added for cross-linking and the formaldehyde was quenched with 2.5 ml of 2 M glycine under vacuum infiltration and the tissues were then harvested for extraction of chromatin. To shear the chromatin, the samples were sonicated four times for 10 s at 20% power and kept on ice for 1 min during each interval. Before precipitation, 1:10 dilutions of the supernatant were kept aside as the 'input fraction' for the cross-linking reversal, DNA purification, and PCR assay. Appropriate antibodies were added to each diluted sample and incubated overnight at 4 °C with gentle rotation. The polyclonal antibody against WRKY6 was rabbit anti-WRKY6 serum (a gift from Dr Weihua Wu, China Agricultural University, China) and anti-acetyl-histone 3 and normal rabbit IgG were used as positive and negative controls. Magnetic beads (Millipore, Billerica, USA) were added to the immune complex and vortexed to mix. This was followed by standing on a magnetic stand for 10 min and the supernatant was then discarded. The magnetic beads were washed for 3-5 min each time with gentle rotation at 4 °C and then centrifuged to discard the supernatants. The complexes were then eluted from the magnetic beads and centrifuged at 4 °C. The elution step was repeated once and the elution products combined. Next, NaCl was added and it was all incubated at 65 °C for at least 6 h overnight to reverse the cross-linking. RNase was then added and incubated at 37 °C for 15 min. The protein was digested and the DNA purified using a GV-High efficiency DNA fragment purification kit (Genview, Beijing, China). PCR was performed using specific primers to amplify the sequences with W-box regions (from -170 to -2) contained in the NPR1 gene promoter (NPR1-F, 5′-GTGGGACGAGGATGCTTCTT-3′, and NPR1-R, 5′-CAACAGGTTCCGATGAATTGA-3′), the sequences without W-box regions (from -1001 to -821) (NPR1-F, 5′-AACCAAGAGGTGATTATGCAG-3′, and NPR1-R, 5′-GCCTTCAACTTCTCGTTCTG-3′), and the known sequences of PHO1 bound by WRKY6 (Chen et al., 2009 ) (PHO1-F, 5′-ACAGTTTGCTTTCAAATCAGTTATTG-3′, and PHO1-R, 5′-AAACATCTTCACTTTTCCATCAAA-3′).
Confocal laser-scanning microscopy (CLSM)
Green fluorescent protein (GFP) fluorescence in leaves expressing the NPR1 reporter constructs was determined using a Zeiss LSM 510 confocal laser-scanning microscope (LSM510/Con-foCor2; Carl-Zeiss, Jena, Germany) (Pavet et al., 2005) . Leaf samples were mounted in distilled water and GFP signals were illuminated with excitation and emission wavelengths of 488 nm and 500-550 nm, respectively, using a band-pass filter, and chloroplast autofluorescence (488 nm excitation) was visualized at 650 nm with a long-pass filter. To identify the nucleus, leaves were fixed with a fixation solution and stained with propidium iodide, a fluorescent dye that stains the nucleus (Running et al., 1995) .
Protein extraction and nuclear fractionation
Amounts of 0.4 g of leaves were ground in liquid nitrogen and the powder resuspended in 1 ml of ice-cold extraction buffer comprising 50 mM Tris/HCl (pH 6.8), 50 mM DTT, 4% (w/v) SDS, 10% (v/v) glycerol, 1% (w/v) polyvinylpolypyrrolidone, and 50 μl phenylmethanesulfonyl fluoride (PMSF). The extracts were centrifuged and the protein concentration of the supernatant was determined with a Bio-Rad protein assay.
Nuclear fractionation was performed as described previously (Kinkema et al., 2000) . The cytoplasmic samples were standardized using anti-PEPC antibody and the nuclear protein using anti-histone H3 antibody.
Western blotting and immunoblot assay
Samples of total protein (40 μg) were separated by 8% SDS-PAGE and Western blotting was performed. For detection of NPR1 proteins, blots were performed using antibodies raised against NPR1 (a gift from Dr Xinnian Dong, Duke University, NC, USA) at a 1:1000 dilution. Plant MAPKs are highly homologous to mammalian ERK1/2 MAPKs, and anti-phospho-p44/42 antibody can be used to recognize the phosphorylated active MAPK forms in Arabidopsis (Liu et al., 2010; Yue et al., 2012) . Hence, the endogenous kinase activity of MPK6 after SA treatment was determined using phospho-P44/42 MAPK antibody. For the immunoblot assay, anti-GFP antibody-bound proteins were precipitated by adding protein A-agarose beads (50 μl ml -1 ) to the protein extracts.
Assay of Trx h activity
Trx h activity was detected using bovine insulin as a substrate in the presence of DTT. The reduction of insulin by thioredoxin led to cleavage of the interchain disulfide bridges and formed a white precipitate from the free B chain of insulin. This phenomenon was used to measure disulfide reduction, and the rate of precipitation was recorded at 650 nm (Cho et al., 2007) . Approximately 0.5 g of Arabidopsis leaves was ground to a powder and extracted with 2.5 ml of buffer (50 mM Tris/HCl, pH 7.9, 0.5 mM PMSF, 1 mM EDTA) by stirring for 2 h at 4 °C. The extracts were centrifuged at 25 000g for 20 min at 4 °C and the supernatants removed. Powdered (NH 4 ) 2 SO 4 was added to a final concentration of 30-90% saturation and the samples stirred for 16 h at 4 °C. This was centrifuged as above and the supernatants removed to a 10 000 Da molecular weight cut-off dialysis bag in the sucrose solutions environment and then purified by Sephadex G-50 gel at 4 °C. The mixture contained 100 mM Tris/HCl (pH 7.0), 2 mM EDTA, and 0.13 mM bovine insulin with or without 20 μl of Trx h extracted as above. The reaction was initiated by adding 0.33 mM DTT. Trx h activity was tested by measuring the turbidity of the solution at 650 nm (Yamazaki et al., 2004) .
Results
Loss of MPK6 function delays SA-induced leaf senescence
MPK6 was shown to act as an SA-mediated defence regulator during systemic acquired resistance signal transmission and also to play a vital role in regulating programmed cell death. Whether the SA-induced senescence phenotype in detached leaves of WT plants alters in mpk6 mutant is unclear (Sharabi-Schwager et al., 2010) . To compare the response of WT and the mpk6 mutant to the senescence stimulon, SA treatment was applied for the times indicated, after which various senescence symptoms were looked for.
After 3 d of incubation, the detached leaves showed more serious yellowing in the SA-treated WT plants than in the mpk6-3 mutants (Fig. 1A) and no kinase activity of MPK6 was observed in SA-treated detached leaves in the mpk6-3 mutants ( Supplementary Fig. S2 at JXB online). Upon exposure to 100 μM SA, the chlorophyll content in the WT leaves decreased by 27% after 2 d and by 75% after 4 d. In contrast, in the mpk6-3 mutants, chlorophyll content was reduced by just 16% after 2 d and by 46% after 4 d (Fig. 1B) . At the same time, we examined the Fv/Fm ratio, which reflects the photochemical efficiency of PSII. The decreasing trend in the Fv/Fm ratio showed a symptom similar to chlorophyll content. Upon treatment with SA, the Fv/Fm ratio of WT leaves decreased by 22% after 2 d and by 64% after 4 d, whereas after the same incubation times, the mpk6-3 mutant leaves retained Fv/Fm ratios of 90 and 70%, respectively (Fig. 1C) . As a control, the two parameters in both WT and mpk6-3 leaves were examined without incubation with SA. The resulting changes were not obviously different. To check whether mutation of MPK6 affected the expression of senescence-associated genes, the mRNA levels of senescence marker genes (SAG12, SAG18, SAG20, and SIRK) were examined. After treatment with SA, the level of transcripts was higher in the WT than in the mpk6-3 mutant plants ( Fig. 1D-G) . Inhibition of senescence in the mpk6 mutants indicated that in Arabidopsis a deficiency of MPK6 delayed leaf senescence induced by SA.
Effects of SA on the altered expression of WRKY6 in mpk6 mutant leaves
A further study was carried out to investigate the mechanism of the delayed SA-induced leaf senescence by deficiency of MPK6. Four WRKYs (WRKY3, WRKY4, WRKY6, and WRKY72) are regulated by MPK3/MPK6 during pathogen defence responses. Among these WRKYs, WRKY6 has been analysed in more detail, and has been found to be involved in senescence, as well as being induced by wounding and by treatment with SA, jasmonic acid, and ethylene Somssich, 2001, 2002; van den Burg and Takken, 2010) . To determine whether WRKY6 was regulated by the MKK-MPK modules in SA-induced leaf senescence, we examined the expression of WRKY6 in the presence of the common MAPK inhibitor PD98059. As shown in Fig. 2B , detached WT leaves pre-treated with PD98059 displayed a lower expression level of WRKY6 compared with those treated with SA only. As expected, plants pre-treated with PD98059 displayed delayed senescence phenotypes compared with WT plants (Fig. 2A) . These results demonstrated that MAPK cascades are involved in SA-induced WRKY6 gene expression. Among a large number of MAPKs, MPK3, MPK4, and MPK6 have been studied in more detail and shown to be involved in Arabidopsis stress responses and programmed cell death.
To validate which specific MAPKs mediate SA-induced gene expression of WRKY6, qRT-PCR was performed on SA-treated WT, mpk3-1, mpk4-2, and mpk6-3 plants. Only mpk6-3 exhibited decreased expression of WRKY6 after exposed to SA compared with the other plants described above (Fig. 2C) . This indicated that MPK6 may be the main MAPK involved in SA-triggered WRKY6 expression.
WRKY6 positively regulates SA-induced leaf senescence
WRKY6 is reportedly upregulated as a transcription factor during age-dependent leaf senescence and also by treatment with jasmonic acid, SA, and ethylene. This suggests that it is involved in senescence programmes mediated by both natural and unnatural stresses (Kim et al., 2008) . It has been demonstrated that MPK6 regulates the mRNA level of WRKY6 with SA treatment. To confirm that MPK6 functions as an activator of SA-induced leaf senescence by regulating the gene expression of WRKY6, the effect of WRKY6 on SA-induced leaf senescence was examined. We used the CaMV 35S::WRKY6-9 overexpressing lines, wrky6-1 and wrky6-2 mutants to measure the physiological phenotype of detached leaves in response to SA. Under SA treatment, the detached leaves from CaMV 35S::WRKY6-9 overexpressing plants showed more severe senescence phenotypes compared with WT plants. However, there was little observed phenotypic difference between WT plants and wrky6 mutants after SA treatment (Fig. 3A) . Chlorophyll contents and the Fv/Fm ratio were also is coincident with the phenotypes (Figs 3B, C). A possible reason for this might be that partial functional redundancy exists within multigene families of WRKY. Correspondingly, the transcript levels of senescence marker genes were higher in the CaMV 35S::WRKY6-9 line than in WT plants after 4 d of incubation with SA ( Fig. 3D-G) . The relative RNA levels of SIRK were lower in wrky6 mutants than in WT plants, while there was no significant difference in SAG12, SAG18, and SAG20 levels between wrky6 mutants and WT plants under SA treatment (Fig. 3D-G) . Taken together, these results led to the conclusion that WRKY6 is involved in SA-induced leaf senescence.
PR1 has previously been shown to be a target of WRKY6, and the expression level of WRKY6 might determine whether transcription of the target gene is stimulated or repressed. The process of PR1 gene expression promoted by WRKY6 mostly involves the function of NPR1 (Robatzek and Somssich, 2002) . To verify the function of WRKY6 on NPR1, previously described CaMV 35S::WRKY6-9, wrky6-1, and wrky6-2 plants were used to measure the gene expression of NPR1. In contrast to WT plants, elevated NPR1 mRNA levels were detected in SA-treated detached leaves of WRKY6 overexpressing lines, while wrky6 mutants showed decreased expressions of NPR1 (Fig. 3H) . Based on these results, MPK6-mediated WRKY6 expression was shown to act upstream of NPR1 and is likely to be involved in regulating its gene expression in the process of SA-induced leaf senescence.
NPR1 acts as a SA inducible protein involved in leaf senescence
It has been shown that npr1 mutants exhibit decreased expression of the PR1 gene, which is defined as a senescence and pathogen-defence associated gene, after SA treatment (Robatzek and Somssich, 2002) . Therefore, we speculated that NPR1 might participate in exogenous SA-induced leaf senescence. To explore the function of NPR1 in leaf senescence, typical physiological markers of senescence were examined in detached leaves of WT and npr1 mutants.
After 3 d of treatment, the expanding leaves of npr1 mutant plants displayed delayed senescence phenotypes compared with WT plants (Fig. 4A) . Senescence symptoms were also assayed by measuring typical senescence parameters as described above. Similarly, the levels of these markers declined more rapidly in WT plants than in npr1 mutants. Upon treatment with SA, the remaining chlorophyll content in WT leaves was 80% after 2 d and 30% after 4 d, whereas in npr1 leaves it was reduced to 86% after 2 d and to 67% after 4 d (Fig. 4B ). After incubation with SA for 2 d, the photochemical efficiency of WT leaves decreased to 82% and to 40% after 4 d, whereas the same values for the npr1 mutant leaves were 87 and 63% after 2 and 4 d, respectively (Fig. 4C) . Correspondingly, the transcript levels of PR1 and senescence maker genes were lower in npr1 mutants than in WT plants (Fig. 4D-H) . These results suggested that NPR1 plays an important role in SA-mediated leaf senescence.
WRKY6 binds to W-boxes in the promoter of NPR1
The three W-box motifs involved in the promoter of the NPR1 gene, which are known to be cis-acting elements of WRKYs, play an essential role in regulating NPR1 expression (Yu et al., 2001) . We proved that WRKY6 upregulated NPR1 expression in SA-induced leaf senescence. To investigate whether the NPR1 promoter was bound specifically by WRKY6, ChIP was performed to test the DNA-binding activity of WRKY6 to the W-boxes within the NPR1 promoter in vivo.
For the ChIP assay, WT leaves with or without SA treatment were first fixed with 1% formaldehyde for cross-linking of protein to the DNA, resulting in DNA-protein complexes. The cross-linked chromatins were sonicated into suitably sized fragments to expose the target proteins for subsequent recognition by their corresponding antibodies. After immunoprecipitation of the DNA-protein complexes, primers of the NPR1 gene encompassing the W-boxes within the promoter region were used to analyse the precipitated DNA fragments by RT-PCR. ChIP with either anti-acetyl-histone 3 or anti-WRKY6 antibody yielded detectable NPR1 promoter amplification products (Fig. 5A, lanes 2 and 4, respectively) . However, almost no product was detected when ChIP with anti-rabbit IgG (Fig. 5A , lane 1). As a control for ChIP efficiency, the input DNA samples (Fig. 5A, lane 3) , the genomic DNA from chromatin preparations before immunoprecipitation, showed the brightest band. In addition, ChIP-qPCR experiments show that the interaction of the WRKY6 protein and W-boxes within the NPR1 promoter was enhanced under SA conditions (Fig. 5B) . As shown in Fig. 5C , WRKY6 strongly interacted with the NPR1 promoter encompassing the W-box motifs and the known WRKY6-binding sequences of the PHO1 promoter, whereas no interaction was observed between WRKY6 and the NPR1 promoter without the W-box motifs. These results proved that WRKY6, as a senescence-associated transcription factor, can bind to W-box motifs within the NPR1 promoter. Moreover, the NPR1 mRNA level was increased in the CaMV 35S::WRKY6-9 line and decreased in the wrky6-1 and wrky6-2 mutants (Fig. 3H) . Taken together, upon treatment with SA, WRKY6 positively regulates NPR1 expression by directly binding to the W-boxes upstream of the NPR1 promoter.
The mpk6 mutant shows suppressive transcription of NPR1 under SA treatment
Since the mRNA level of NPR1 was regulated by WRKY6 and MPK6 could influence the expression of WRKY6 with SA treatment, it was interesting to examine the effects of MPK6 on NPR1 gene expression induced by SA. As shown in Supplementary Fig. S3 at JXB online, the expression of NPR1 was increased with SA treatment in WT plants. However, the mutation of MPK6 significantly inhibited the increment of SA-induced gene expression of NPR1 compared with the WT plants (Fig. S3) . These results indicated that SA can promote the mRNA level of NPR1 in a MPK6-dependent manner. 
Nuclear localization of NPR1 is required for SA-induced leaf senescence
Monomerization of NPR1 in the nucleus has been reported as both necessary and sufficient for its activation. To investigate the subcellular localization of NPR1 in SA-induced senescence, 35S::NPR1-GFP plants were used to analyse NPR1-GFP fluorescence by CLSM. GFP fluorescence in stomatal guard cells was examined in a leaf epidermal peel (Pavet et al., 2005) . With continuing SA treatment, fluorescence was initially detected primarily in the cytoplasm, but after 2 d of treatment, elevated levels of nuclear NPR1-GFP fluorescence were detected. After 5 d of treatment, strong fluorescence appeared in the nuclei (Fig. 6A and Supplementary  Fig. S4 at JXB online).
As discussed above, MPK6 is involved in controlling downstream NPR1 gene expression in the leaf senescence process. To determine whether SA-mediated MPK6 activity affects the subcellular localization of NPR1, NPR1-GFP fluorescence was analysed in NPR1-GFP plants, pre-treated with or without MAPK inhibitor PD98059, by CLSM. It was found that the SA-induced NPR1-GFP leaves showed greater nuclear fluorescence than leaves without SA treatment or than leaves pre-treated with inhibitor (Fig. 6B) .
To further determine whether accumulation and cellular distribution of NPR1 is affected by MPK6, Western blot analysis was performed to determine subcellular localization using an anti-NPR1 polyclonal antibody in WT and mpk6-3 mutants under SA induction. The amount of NPR1 protein was increased in nuclear extracts of SA-treated WT leaves, whereas those of the mpk6-3 mutants were increased only slightly (Fig. 7) . Moreover, during SA-mediated senescence, accumulation of NPR1 in the nucleus was higher in WT plants than in mpk6-3 mutants (Fig. 7) . These observations suggested that, during SA-induced senescence, NPR1 protein mobilizes to the nucleus and the function of MPK6 is involved in this process.
The reducing agent DTT, if included in the protein extraction solution, can modify the protein function by reducing the protein cysteine residues. To investigate the specific conformation of NPR1, protein samples extracted with or without DTT were subjected to immunoblot analysis. In the absence of DTT, the NPR1-GFP fusion protein was present at a lower molecular weight only in SA-treated samples and not in the untreated ones. Nevertheless, a higher-molecularweight protein band was detected in both samples. The addition of DTT to both samples reduced all of the NPR1-GFP protein to the monomeric form (Fig. 8A) . Following SA treatment, monomeric NPR1-GFP was strongly increased compared with samples pre-treated with PD98059 ( Fig. 8B-D) . It was concluded that MPK6 is involved in regulating both the monomerization and the movement of NPR1 during SA-mediated senescence of Arabidopsis leaves.
Influence of MPK6 on the activation of Trx h upon SA treatment
Cytosolic Trx h3 and Trx h5 are essential to promote monomerization of NPR1, and the expression of Trx h5 is associated with senescence (Laloi et al., 2004) . To test whether the activation of NPR1 by MPK6 involves redox regulation, the expression and activation of Trx h was measured in both WT and mpk6-3 mutant plants.
qRT-PCR analyses revealed that the expression of both Trx h3 and Trx h5 was increased by SA treatment. Induction of Trx h5 expression was suppressed in leaves pre-treated with MAPK inhibitor PD98059, while Trx h3 expression showed no significant difference between the control and inhibitor pre-treated leaves (Fig. 9A) . A similar phenomenon was observed in the mpk6-3 mutant leaves (Fig. 9B) .
Furthermore, activity of Trx h was detected. After SA treatment, lower levels of Trx h activation were observed in mpk6-3 lines compared with WT plants (Fig. 9C) . This indicated positive regulation of Trx h by MPK6. These results indicated that MPK6 is involved in regulating the activation of NPR1, possibly by enhancing the expression of Trx h5.
Discussion
Although much research has focused on the mechanisms of SA signal transduction in Arabidopsis, the specific mechanisms by which SA induces detached leaf senescence are not well understood. MPK6 has been reported to be involved in various biotic and abiotic stresses. The SA-responsive gene PR1 has been shown to be induced in senescent leaves and generally upregulated in WRKY6 overexpressing lines, during which the NPR1 function is probably involved (Robatzek and Somssich, 2002) . Our study showed that MPK6 accelerates SA-mediated leaf senescence not only by stimulating NPR1 gene expression but also by promoting the activation of NPR1.
NPR1 promotes leaf senescence induced by SA
The expression of the SA-responsive PR1 gene is induced during the onset of systemic acquired resistance and is also induced during leaf senescence (Morris et al., 2000; Robatzek and Somssich, 2002) . Both the increase in the endogenous levels of SA and the exogenous application of SA coincide with the elevated expression of PR genes and enhanced resistance to pathogens (Dong et al., 2011) . PR1 mRNA levels are prevented in the npr1 mutants, even after SA treatment, and nuclear localization of NPR1 is essential for PR1 gene induction (Dong, 2004) . NPR1 protein is a key regulatory component in pathogen defence reactions. Most of the senescence-enhanced gene expression is also induced in response to pathogen treatment, which reflects extensive overlap between gene expression during senescence and in pathogen reactions (Buchanan-Wollaston et al., 2003) . Arabidopsis plants defective in SA signalling, such as npr1 and pad4 mutants and NahG transgenic plants, have altered expression of senescence-associated genes and exhibit delayed phenotypes of developmental leaf senescence (Morris et al., 2000; Mukherjee et al., 2010) . However, it is still unclear whether NPR1 is involved in the induction of leaf senescence by exogenous SA.
In this study, it was found that, during SA incubation, the detached leaves of the npr1 mutant exhibited a delay in the appearance of senescence-correlative features compared with the WT plants (Fig. 4A-C) . The NPR1 gene has previously been shown to influence the manifestation of cell death in two mutants, Arabidopsis accelerated cell death 5 (acd5) and accelerated cell death 6 (acd6) (Rate et al., 1999; Greenberg et al., 2000) . This provides additional support for the proposed role of NPR1 in the activation of senescence-associated processes. It was confirmed here that the mRNA level of NPR1 increases in response to exogenous SA (Supplementary Fig. S3 ). These findings imply that NPR1 is required for SA-induced leaf senescence. Furthermore, the molecular genetic data in our study suggest that npr1 mutants repressed the upregulation of senescence-associated genes in the WT plants with SA treatment. Based on these results, the function of NPR1 in promoting SA-induced leaf senescence in Arabidopsis is confirmed.
MPK6 contributes to SA-induced leaf senescence by increasing the NPR1 mRNA level via WRKY6 binding to W-boxes in the promoter of NPR1
WRKY6 acts as a positive transcriptional regulator on PR1 gene promoter activity, and the PR1 upstream regulator NPR1 has been shown to be a WRKY target gene (Robatzek and Somssich, 2002) . Our results showed that induction of NPR1 is impaired in wrky6 mutants but elevated in CaMV 35S::WRKY6-9 overexpressing plants in SA-induced leaf senescence (Fig. 3H) . WRKY transcription factors can bind to closely spaced DNA elements in the promoter sequences termed the W-box motif for activating or repressing their expression (Ciolkowski et al., 2008) . A series of molecular and genetic analyses have demonstrated that the W-box sequences within the NPR1 gene promoter are essential for the induction of NPR1 transcription (Yu et al., 2001; Ciolkowski et al., 2008) . It is supposed that the expression of NPR1 is correlated with the binding pattern of the W-box motifs in its promoter by the WRKY6 transcription factor. Here, it was shown that the NPR1 gene contains W-box motifs that are bound specifically by WRKY6 protein with SA treatment (Fig. 5) . These results provide clear evidence that WRKY6 acts upstream of NPR1 as a positive regulator and increases its gene expression during SA-induced leaf senescence. Evidence was presented that the activation of MPK6 and MPK3 can positively regulate the expression of particular defence genes, such as PR1, PR2, and PR5 (Ichimura et al., 2006) . Except for the function in defence responses, MPK6 and its homologues have been shown to be activated in response to other abiotic stresses (Innes, 2001; Yue et al., 2012) . Here, we found that exogenous SA promoted MPK6 activation in the process of leaf senescence (Supplementary Fig.  S2 ). This indicates the vital role of MPK6 in SA-induced leaf senescence. Moreover, detailed characterization of senescence indicates that SA-induced leaf senescence is positively regulated by MPK6 (Fig. 1) . The receptor of SA in plants may be members of the Leu-rich repeat receptor-like protein kinase (LRR-RLK) family, which often contain C-X 8 -C-X 2 -C motifs in the putative extracellular domain (Wang and Irving, 2011) . Plant LRR-RLK proteins that contain a ligand binding extracellular domain and are localized at the plasma membrane can perceive extracellular ligands, including hormones (Ohtake et al., 2000) . The transcripts of numerous RLKs accumulate to a higher level in response to exogenous SA treatment of plants (Ohtake et al., 2000) . In plants, LRR-RLKs act upstream of the MAPK cascade, and MAPKs transduce and amplify intracellular and extracellular stimuli into a wide range of intracellular responses (Shan et al., 2007) . The possible signalling transduction mediated by exogenous SA in leaf senescence might act through SA receptor LRR-RLKs, leading to the activation of MAPK cascades. The precise mechanisms require further study.
However, how MPK6 exerts its functions in regulating leaf senescence remains unknown. The TIR-NBS-LRR type R protein SSI4 has been defined as a suppressor of SA insensitive. The Arabidopsis ssi4 mutant, which exhibits chlorotic morphology, induces MPK6 activation and then leads to elevated expression of WRKY6 and WRKY29 (Zhou et al., 2004) . Among the several WRKYs that are regulated by MPK6 during pathogen defence responses, WRKY6 is found to be involved in plant senescence as well as being induced by treatment with various hormones Somssich, 2001, 2002; van den Burg and Takken, 2010) . It was confirmed here that the mRNA level of WRKY6 increases in conjunction with SA-induced leaf senescence and MPK6 increases the expression of WRKY6 with SA treatment (Fig. 2B, C) . It has been shown that WRKY6 is phosphorylated only when it is co-expressed with the MKK5/MPK10 module (Popescu et al., 2009) . This indicates that the effect of MPK6 on WRKY6 gene expression may be indirect. This phenomenon is consistent with previous study that the increase in W-box binding activity after SIPK/WIPK (SIPK and WIPK are two tobacco MAPKs that are orthologues of Arabidopsis AtMPK6 and AtMPK3) activation is the result of WRKY gene activation instead of phosphorylation modification (Kim and Zhang, 2004) . However, the precise mechanisms involved require further study. Having demonstrated that WRKY6 upregulated NPR1 expression in SA-induced leaf senescence, we here showed that the mRNA level of NPR1 was significantly suppressed in the mpk6 mutant plants under SA treatment ( Supplementary Fig. S3 ). A signalling cascade is presented in our analyses whereby MPK6 participates in SA-induced Arabidopsis leaf senescence by increasing the transcriptional level of NPR1 via the WRKY6 transcription factor binding to W-box sequences within the promoter of NPR1 gene (Fig. 10) .
MPK6-mediated activation of NPR1 via regulation of the expression of Trx h5 modulates SA-induced
Arabidopsis leaf senescence NPR1 is maintained in the cytoplasm as a disulfide-bonded oligomer and is translocated to the nucleus in an active monomeric form, which can function as a co-activator for downstream gene transcription (Spoel et al., 2009 (Spoel et al., , 2010 . Based on analysis of the mRNA levels of NPR1 induced by MPK6, we speculated that the activation of NPR1 may be influenced by MPK6. To understand better the regulation of NPR1, the subcellular localization of NPR1 was analysed by detecting GFP fluorescence in NPR1-GFP plants. As shown in Fig. 6 , enhanced nuclear NPR1-GFP fluorescence was observed in the guard cells upon SA treatment, while pre-treatment with PD98059 decreased the accumulation of fluorescence in the nucleus. This is similar to a previous report that strong NPR1-GFP fluorescence is observed in the nuclei of guard cells when seedlings are grown on Murashige and Skoog medium with SA, compared with on Murashige and Skoog medium alone (Kinkema et al., 2000) . Previous studies have suggested that the increase in nuclear fluorescence observed in the SA-induced plants was due to the redistribution of NPR1-GFP to the nucleus (Kinkema et al., 2000) . Our results based on subcellular fractionation analyses revealed that nuclear accumulation of NPR1 is increased during SA-induced senescence. However, in the mpk6-3 mutants, it remained at a relatively constant level (Fig. 7) , suggesting that MPK6 may be involved in the regulation of the nuclear localization of NPR1. The polyclonal antibody against NPR1 used in this study can recognize only the monomeric form of the protein; therefore, the conformation of NPR1 was tested as reported previously in transgenic 35S::NPR1-GFP plants (Mou et al., 2003) . It was found that increased monomerization of NPR1-GFP plants treated with SA was suppressed in plants pre-treated with PD98059 (Fig. 8) . These results indicated that MPK6 is involved in the regulation of NPR1 activation in the process of SA-induced leaf senescence. However, it is worth noting that the activation of NPR1 was not completely suppressed in the mpk6-3 lines, so other factors may also regulate the NPR1 activity simultaneously. These ideas require further investigation.
The accumulation of endogenous SA, which is probably synthesized in chloroplasts, and application of exogenous SA can both induce changes in the cellular redox state (Dong et al., 2011) . It has been shown that Trxs contain two redoxsensitive cysteine residues, which make it possible to disrupt disulfide bridges of target proteins and thus maintain the cellular redox equilibrium (Sweat and Wolpert, 2007) . Furthermore, Trx h can mediate SA-induced conformational changes of NPR1 from oligomer to monomer, and can regulate its nuclear localization (Ishikawa et al., 2010) . The activation of MAPK pathways can result in the induction of transcription factors and various redox-sensitive genes for animal cell growth, proliferation, and apoptosis (Cakir and Ballinger, 2005) . In plants, data on the relationship between MAPK cascades and regulation of cellular redox state is scarce. To determine whether the effect of MPK6 on regulating NPR1 activity is based on the regulation of Trx h, the expressions and activities of Trx h were investigated. The induction of Trx h5 expression was lower in the PD98059 pretreated WT leaves and mpk6 mutants than in the SA-treated WT plants (Fig. 9A, B) . This suggested that MPK6 contributes to the expression of Trx h5, which involves maintaining a cellular redox equilibrium. Interestingly, the expression of the Trx h3 gene, the most close-related Trx to Trx h5, was not changed significantly under the above conditions (Fig. 9A, B) . This indicated that the regulation and function of these two closely related genes is divergent, at least during SA-induced leaf senescence. On the other hand, Trx h activation was significantly attenuated in the mpk6-3 mutants compared with in the WT plants (Fig. 9C) , indicating that MPK6 acts as a positive regulator of Trx h activity during SA-induced leaf senescence. Hence, during the process of SA-induced leaf senescence, the activation of NPR1 catalysed by Trx h requires the regulation of MPK6 (Fig. 10 ).
In conclusion, our studies show that, by regulating components of the SA pathways, MPK6 provides a mechanistic explanation as to how SA-mediated promotion of NPR1 is achieved during the course of leaf senescence. This is partly accomplished by the involvement of MPK6 for WRKY6 expression, while WRKY6 specifically recognizes W-box motifs in the NPR1 promoter. Also, by regulating the expression of a modulator of cellular redox status, Trx h5, which in turn leads to the monomerization and nuclear localization of NPR1 protein. Taken together, these results indicate that the MPK6-modulated signalling pathway is responsible for the gene expression and activation of NPR1 in promoting SA-induced leaf senescence, providing new insights into the signalling cascades that modulate leaf senescence promoted by exogenous SA.
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Supplementary Fig. S1 . Identification of npr1, mpk3-1, mpk4-2, wrky6-1, and wrky6-2 mutants and CaMV 35S::WRKY6-9 overexpressing plants using semi-quantitative RT-PCR analysis.
Supplementary Fig. S2 . The activity of MPK6 during the process of leaf senescence induced by SA in the WT and mpk6-3 plants. Supplementary Fig. S3 . qRT-PCR analyses of the NPR1 mRNA level in SA-treated detached leaves of WT and mpk6-3 plants.
Supplementary Fig. S4 . Nuclear localization of NPR1-GFP.
